We determined the groESL sequences of three species of nutritionally variant streptococci (Abiotrophia defectiva, Granulicatella adiacens, and Granulicatella elegans) and three Gemella species (Gemella morbillorum, Gemella haemolysans, and Gemella sanguinis). The nucleotide sequence similarities between the groES and groEL genes of the above genera were 41.7 to 85.9% and 63.7 to 84.3%, respectively. The intraspecies similarities of groESL sequences for the isolates of Abiotrophia and Granulicatella species were 94.4 to 97.8% for groES and 94.0 to 98.2% for groEL. For Ge. morbillorum and Ge. sanguinis, all strains showed the same groESL spacer length (8 bp), and sequence identities within species were >97.8% for groES and >96.1% for groEL. However, higher intraspecies heterogeneity was observed in Ge. haemolysans. Phylogenetic analysis of groEL sequences separated the 6 isolates of Ge. haemolysans into two subgroups. Among these isolates, three isolates with the same groESL spacer region length (45 bp) clustered together but were distant from the ATCC reference strain (with a spacer length of 8 bp). The remaining three isolates, with a spacer length of 50 or 8 bp, clustered together. Although 16S rRNA gene sequence analysis did not provide enough discrimination for the 6 Ge. haemolysans isolates, rpoB gene sequence analysis supported the subgrouping. Based on the obtained groESL sequences, we developed a multiplex PCR that enables simple, rapid, and accurate identification of Abiotrophia, Granulicatella, and Gemella at the genus level. This assay would be helpful for identifying these fastidious and slow-growing organisms in clinical laboratories.
Abiotrophia, Granulicatella, and Gemella species are major fastidious, Gram-positive cocci that cause infective endocarditis and can easily be misidentified or even nonculturable (1) .
Abiotrophia and Granulicatella species were previously known as nutritionally variant streptococci (NVS). Among NVS, the most common species causing human disease are Abiotrophia defectiva, Granulicatella adiacens, and Granulicatella elegans. As a normal part of the floras of the mouth and gastrointestinal tract, NVS can opportunistically cause sepsis, pancreatic abscess, central nervous system infections, and endocarditis (7, 22, 28) . NVS have reportedly been implicated in a case of culture-negative endocarditis (21) , so their pathogenic roles are probably underestimated.
Gemella haemolysans and Gemella morbillorum are part of the oral, gastrointestinal, and genitourinary floras of humans. These species are easily decolorized in Gram stains, which can lead to their misidentification as Gram-negative cocci. Gemella was originally described as Neisseria species in 1938 (26) . Among cases of Gemella infections, the most notable clinical presentation is endocarditis, which is usually associated with poor dental conditions or previously damaged cardiac valves (1, 17) . In the clinical laboratory, misidentification of Gemella species as viridans group streptococci occurs quite often. In previous studies, Gemella species represented 6% to 13.3% of misidentified viridans group streptococci (5, 17) .
Differentiation of NVS, Gemella, and other Gram-positive cocci is clinically important, partly because the antimicrobial susceptibility patterns of these bacteria are different. In Taiwan, the Gemella species remain susceptible to penicillin and metronidazole (16) , while NVS isolates have a high prevalence of ␤-lactam and macrolide resistance (18) .
The current identification methods for NVS and Gemella are based on phenotypic characterization, which is time-consuming and can produce ambiguous results. In addition, unusual phenotypic characteristics that do not correlate well with those of the NVS species described in the literature have been reported (3) . The accuracy of commercial kits commonly used for clinical identification was evaluated by Woo et al. (30) , and their results showed frequent misidentification of Gemella species as Streptococcus, Abiotrophia, or Granulicatella species. Recently, several molecular methods have been developed to simultaneously identify NVS and Gemella; these methods include rpoB gene sequence-based identification (4) and the MicroSeq 500 16S rRNA gene-based bacterial identification system (31) .
The groES and groEL genes are ubiquitous and evolutionarily highly conserved genes among bacteria (11) . They are also known as cpn10/60 or hsp10/60, encoding 10-kDa and 60-kDa heat shock proteins responsible for refolding denatured proteins or preventing aggregation while bacteria are exposed to elevated temperature or other stress. A collection of the chaperonin sequence database (cpnDB) is available online for public use (13) . Amplification of the partial groEL gene segment has been used for identification of many bacteria. In our laboratory, we previously used groESL gene sequences as targets for Enterococcus (25, 27) and Streptococcus (2, 14, 19, 24) species identification. In this study, we determined the full groESL gene sequence for 3 reference strains of Gemella species and partial groESL sequences for reference strains of Abiotrophia defectiva, Granulicatella adiacens, and Granulicatella elegans. Based on the groESL sequences determined, we developed a multiplex PCR for rapid identification of the fastidious genera Abiotrophia, Granulicatella, and Gemella.
MATERIALS AND METHODS
Bacterial strains. The strains examined in this study include 6 Sequencing of the entire groESL locus in Ge. morbillorum. Genomic DNA was isolated and purified with a DNA isolation kit (Puregene; Gentra Systems) according to the manufacturer's instructions. Initially, degenerate PCR primers complementary to highly conserved regions of the groEL gene (Table 1) were designed and used to amplify and sequence partial fragments of this region from Ge. morbillorum ATCC 27824. Subsequently, the flanking sequences were determined by long and accurate (LA) PCR as described previously (25) . Briefly, the digoxigenin-labeled groEL amplicon was used as a probe to determine the most suitable restriction enzyme for LA PCR. After ligating the restrictiondigested DNA fragments with the corresponding cassette adapters, the amplification was performed with cassette primers and target-specific primers ( Table 1) . The amplification products were subsequently sequenced on an Applied Biosystem model 3100 sequencing system (Applied Biosystems), using a Taq BigDye Terminator dideoxy cycle sequencing kit (Applied Biosystems) according to the manufacturer's instructions.
PCR amplification and sequencing of groESL for other Gemella species. Two pairs of primers, Gm-400F with LA-Gm-R2 and LA-Gm-F2 with ORF179-199R, were used to amplify two overlapping fragments and to determine the complete groESL sequences of Gemella species. PCR was carried out in a DNA thermal cycler (MJ Research Inc., Watertown, MA), with 30 cycles of denaturation (94°C, 30 s), annealing (50 to 60°C, 1 min), and extension (72°C, 1 min 30 s) followed by a final extension step (72°C, 7 min). The PCR products were purified and subsequently sequenced as mentioned earlier.
PCR amplification and sequencing of groESL for Abiotrophia and Granulicatella species. To determine the complete groES and partial groEL gene sequences of Abiotrophia and Granulicatella species, two sets of PCR primers, Ent-10 with EL587-563R and ES5-29F with EL1240R, were used to amplify two overlapping fragments of the groESL genes and to determine the sequences of the groES gene, the groESL spacer region, and an approximately 1,240-bp fragment of the groEL gene. PCR was carried out in a DNA thermal cycler (MJ Research Inc., Watertown, MA), with 30 cycles of denaturation (94°C, 30 s), annealing (45 to 55°C, 1 min), and extension (72°C, 1 min 30 s) followed by a final extension step (72°C, 7 min). The PCR products were purified and subsequently sequenced as described above.
Multiplex PCR. Based on the determined sequences, one reverse primer, NG570R, and three forward primers, AbioEL220F, GraES200F, and GemEL30F, specific to Abiotrophia, Granulicatella, and Gemella species, respectively, were designed to amplify a target region with a different amplicon size depending on the species. The multiplex PCR was carried out with 30 cycles of denaturation (94°C, 30 s), annealing (53°C, 30 s), and extension (72°C, 1 min) followed by a final extension step (72°C, 7 min). The amplification products were then subjected to 1.5% agarose gel electrophoresis (FMC BioProducts, Rockland, ME), stained with ethidium bromide, and photographed under UV light. 
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Phylogenetic relationships. DNA sequences were aligned using Gene-Works software (IntelliGenetics, Mountain View, CA). The phylogenetic relationships among species were analyzed using the neighbor-joining method listed in the MEGA (molecular evolutionary genetic analysis) analytical package (23) . For the neighbor-joining analysis, distances between the sequences were calculated using Kimura's two-parameter model. Levels of similarity were determined among species. Bootstrap values were obtained for 500 randomly generated trees.
Nucleotide sequence accession numbers. For groESL, nucleotide sequences determined in this study were submitted to GenBank under the accession numbers shown in Fig. 1 . For rpoB, nucleotide sequences were submitted under GenBank accession numbers HM103926 to HM103930, and for the 16S rRNA gene, sequences were submitted under GenBank accession numbers HM103931 to HM103935.
RESULTS
Nucleotide sequences of groESL in Abiotrophia, Granulicatella, and Gemella species. For Abiotrophia and Granulicatella species, we determined the full-length groES gene sequences and the partial groEL sequences of 3 reference species and 8 clinical isolates. For Gemella species, we first determined the FIG. 1. Phylogenetic tree based on partial groEL nucleotide sequences (nt 1 to 816). The phylogenetic tree was generated using the unrooted neighbor-joining method in the MEGA4 package. The numbers at the nodes are confidence levels, expressed as percentages of occurrence in 500 bootstrapped resamplings. The scale bar indicates the evolutionary distance between sequences, as determined by measuring the lengths of the horizontal lines connecting two organisms. The GenBank accession number for each species' groEL genes is shown after the species name. Sequences determined in this study are shown in bold.
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complete sequence of the groESL region of Ge. morbillorum ATCC 27824 by using the LA PCR method. Based on the determined sequence for Ge. morbillorum ATCC 27824, two pairs of primers were designed and used to amplify the groESL fragment from 13 Gemella strains. Sequence analysis revealed that the lengths of the groES genes were genus specific and were as follows: for Abiotrophia, 267 bp; for Granulicatella, 270 bp; and for Gemella, 276 bp ( Table 2 ). The length of the Gemella groEL gene was 1,605 bp.
Comparisons of groES, spacer, and groEL sequences among reference strains. Table 2 lists the pairwise nucleotide and amino acid identities of groES sequences from 6 reference strains of Abiotrophia, Granulicatella, and Gemella. Comparing bacterial strains among different genera, the groES genes displayed nucleotide sequence identities of Ͻ63.4% and amino acid sequence identities of Ͻ68.5%. The groES sequence identities among different species within the same genus ranged from 79.3 to 85.9% (DNA sequences) and 92.3 to 95.6% (amino acid sequences). Table 3 presents the pairwise sequence identities of the partial groEL genes (nucleotides [nt] 1 to 816). The groEL nucleotide sequence identities were Ͼ81.5% for strains within the same genus and Ͻ73.8% for strains from different genera, whereas the amino acid sequence similarities were Ͼ98.5% for strains from the same genus and Ͻ91.2% for strains from different genera.
The intergenic spacers between the groES and groEL regions of 6 ATCC reference strains ranged from 8 to 35 nt long ( Table  4 ). The spacers in the three Gemella reference strains (Ge. morbillorum ATCC 27824, Ge. haemolysans ATCC 10379, and Ge. sanguinis ATCC 700632) displayed the same size (8 bp), with only 2 nucleotide differences.
Phylogenetic relationships. The phylogenetic tree derived from the nucleotide sequences of the partial groEL sequences (positions 1 to 816) is presented in Fig. 1 . The phylogenetic analysis revealed that isolates of the same species clustered together. However, the six strains of Ge. haemolysans could be divided further, into two subgroups. The NTUH_1465 and NTUH_6138 strains were more closely related to the Ge. haemolysans reference strain. The remaining three isolates (NTUH_2196, NTUH_4957, and NTUH_5572) clustered together and were relatively distant from ATCC 10379.
Intraspecies variation in groESL sequences of clinical isolates. In order to evaluate the applicability of the groESL sequence to species identification, the groES sequence, the partial groEL sequence, and the groESL spacer region of 19 clinical isolates (as indicated in Table 5 ) were tested to identify intraspecies similarities. Comparisons of species nucleotide identities with the reference strains are shown in Table 5 . Most isolates within a species shared Ͼ94% sequence identity with their corresponding type strain, except for Ge. haemolysans, which shared only 87.0 to 99.5% sequence identity with its type strain.
groESL, 16S rRNA, and rpoB gene analyses of Ge. haemolysans clinical isolates. Because high intraspecies variation in groESL was observed in the Ge. haemolysans isolates, we further compared their rpoB and 16S rRNA gene nucleotide sequences (Table 6 ). One Ge. haemolysans isolate, NTUH_6138, which had a groESL intergenic spacer of identical size (8 bp) and sequence to that of the reference strain, displayed the highest sequence identities for groES (99.3%) and groEL (99.5%). Isolate NTUH_1465, with a groESL spacer region of 50 bp (Table 4) , displayed sequence identities of 94.9% (for groES) and 92.9% (for groEL) to the ATCC strain. Phyloge- (Fig. 1) . The remaining three isolates, with a 45-bp length for the groESL spacer region (Table 4) , were Ͼ10% different in groESL sequence from the reference strain and clustered together. Interestingly, the extra sequences in the four isolates with longer groESL spacer lengths (45 or 50 bp) immediately preceded the groES stop codon. The extra sequence contains a stop codon at the 5Ј end; therefore, the groES stop codon of the four clinical isolates changed from TAG to TAA. The 16S rRNA gene sequences of the five clinical Ge. haemolysans isolates were all similar (99.6 to 100%) to that of Ge. haemolysans ATCC 10379 (GenBank accession number NR_025903), as shown in Table 6 .
Because the rpoB gene has been used to identify many species, we performed rpoB gene sequencing for the Ge. haemolysans clinical isolates. The isolate NTUH_6138, which has the same spacer size (8 bp) as the ATCC 10379 strain, possessed an identical rpoB sequence (100%) to that of ATCC 10379 (GenBank accession number AF535179). The rpoB genes in the remaining four isolates displayed 95.3 to 97.1% identities to that of ATCC 10379.
Identification of Abiotrophia, Granulicatella, and Gemella by multiplex PCR. Based on the groESL sequences obtained in this study, a multiplex PCR method was designed to detect and differentiate the three fastidious Gram-positive genera Abiotrophia, Granulicatella, and Gemella. We designed a degenerate reverse primer, NG570R, and three forward primers, AbioEL220F, GraES200F, and GemEL30F, specific to Abiotrophia, Granulicatella, and Gemella, respectively. The expected sizes of the amplicons were 368 bp for A. defectiva, 668 bp for Gr. adiacens, 673 bp for Gr. elegans, and 562 bp for Gemella species. All of the isolates yielded the expected amplicon sizes (some of the data are shown in Fig. 2A) .
The None of these bacterial species generated products of similar size to those for Abiotrophia, Granulicatella, and Gemella (Fig. 2B) . Input DNA containing mixed culture organisms did not affect the specific amplification of Abiotrophia, Granulicatella, and Gemella. To determine the sensitivity of detection, PCR with serial dilutions of template DNA was performed. The limit of detection for input DNA is about 2 ng.
DISCUSSION
Application of groESL to molecular identification has been evaluated for many bacterial species, including Staphylococcus, Streptococcus, Enterococcus, Campylobacter, Aeromonas, and others (2, 8-10, 12, 14, 15, 19, 20, 24, 25, 27) . In a study by Glazunova et al., the results indicated that groEL is a better target than rpoB, sodA, and gyrB for the identification of Streptococcus (7a). In the present study, we focused on determining the groES, spacer, and groEL sequences of 3 species of NVS 
sanguinis).
We obtained the groES and spacer sequences for all of the species tested. For groEL, full-length sequences were obtained for three Gemella species, and sequences of nearly 1.2 kb were determined for Abiotrophia and Granulicatella species. Pairwise comparisons of the groES and groEL sequences between species revealed more interspecies variation than did comparisons between 16S rRNA and rpoB genes ( Table 6 ). The phylogenetic tree derived from the groEL gene (Fig. 1) demonstrates remarkable similarities to the tree based on the 16S rRNA gene (6) . The tree also reveals that Abiotrophia species are related to streptococci and Gemella species are most closely related to Clostridium and Staphylococcus species, whereas Granulicatella species are relatively close to Enterococcus species. Previous studies have shown low levels of intraspecies genetic variation between groES and groEL genes in Enterococcus and Streptococcus species (24, 27) . In agreement with previous reports, the species tested in the present study (except for Ge. haemolysans) displayed high sequence identities (Ͼ94%) in groES and groEL gene sequences (Table 5) .
Compared to the other species tested, Ge. haemolysans displayed more heterogeneity in the groES, spacer, and groEL sequences. We observed three different lengths for the groESL spacer region (8, 45 , and 50 bp) within five clinical isolates of Ge. haemolysans. One isolate, which had an identical groESL spacer sequence (8 bp) to that of the reference strain (Ge. haemolysans ATCC 10379), displayed the highest groES (99.3%) and groEL (99.5%) sequence identities toward the reference strain. Isolates NTUH_2196, NTUH_4957, and NTUH_5572 (with a 45-bp groESL spacer length) had the lowest sequence identities of the groES (89.5 to 90.9%) and groEL (87.0 to 87.5%) regions to the reference strain. Our previous reports have shown that the spacer length between groES and groEL usually varies among different species but is conserved within a species (14, 24, 27) . However, some exceptions occur. For example, minor variations have been found in Streptococcus gallolyticus, S. gallolyticus subsp. gallolyticus, and S. gallolyticus subsp. pasteurianus (2) . In addition to the heterogeneity within the spacer region, the phylogenetic tree based on the groEL sequence further divided Ge. haemolysans into two subgroups (Fig. 1) . Thus, the possibility of a subspecies within Ge. haemolysans should be considered. In agreement with the groEL analysis, the rpoB gene sequence analysis also divided Ge. haemolysans into two groups. For 16S rRNA gene sequences, although the levels of similarity were high (99.6 to 100%) among the 6 Ge. haemolysans strains, two nucleotide differences (positions 76 and 77) were observed. The nucleotides CG and TA (positions 76 and 77) correlate with spacer lengths of 8 nt and 50 or 45 nt, respectively. This difference (29, 30) , among 302 isolates of alpha-hemolytic streptococci other than Streptococcus pneumoniae, obtained from blood cultures and identified by conventional biochemical methods, 11 isolates had Ͼ99% nucleotide identity with the 16S rRNA gene of A. defectiva (n ϭ 2), Gr. adiacens (n ϭ 7), Ge. morbillorum (n ϭ 1), or Ge. haemolysans (n ϭ 1). Because we did not check our collection of alpha-hemolytic streptococci, the possibility of the above misidentification cannot be excluded. In our collection, one Gr. para-adiacens isolate was misidentified as Ge. morbillorum. This isolate can be identified correctly to the genus level by using the multiplex PCR developed in this study.
In this study, we developed a multiplex PCR, using groESL as a target, for rapid detection of and differentiation among Abiotrophia, Granulicatella, and Gemella isolates. These species phenotypically resemble viridans group streptococci, making their identification difficult. Although this assay can differentiate these species only to the genus level, it is invaluable for differentiating them from Streptococcus and other related Gram-positive cocci. The multiplex PCR method will help to decrease the rate of misidentification of these organisms. Moreover, multiplex PCR may be used for direct detection of specimens without cultivation.
